In order to the make the magnetic field synchronous with the actual current in the current interruption experiment, an external excitation of axial magnetic field for intermediate-frequency vacuum arc experiment and research is designed and tested in this paper. The excitation system is consisted of intermediate-frequency current transformers (CTs) and Helmholtz coil. CTs are used to induct current in main circuit and the Helmholtz coil can be excited by the secondary current. Thus the axial magnetic field (AMF), which is synchronous with the primary current, is generated inside the Helmholtz coil. And different from traditional magnetic field excitation system, the magnetic field generated by commercial AMF contact can be simulated. The test is implemented to test the excitation system. The phase difference between the primary side and secondary side of the CT is less than 10 . The steady state error of B is within 1% and the dynamic error of B/I is within 1.5% as well. The results turn out to be consistent with the theoretical value, which proves the effectiveness of this external excitation system.
I. INTRODUCTION
In recent years, multi-electric/all-electric aircraft has become a new technology in aviation field. Different from a constant frequency power supply system in traditional aircraft, electricity is generated by a frequency-varying generator which is in the range of 360-800 Hz in the intermediate frequency (IF) power supply system, such as in A380, B787 and C919 [1] , [2] . Compared to the power frequency (50 Hz), the value of di/dt at the zero moment gets larger and the rise rate of recovery voltage du/dt becomes faster. Therefore arc breaking process tends to be much more difficult as the increase of current value [3] . A new circuit breaker should be applied in the IF power system instead of air circuit breaker. The vacuum circuit breaker has been widely applied in medium voltage power distribution system, and has its application advantages in the aviation field. The research on the characteristics of IF vacuum arc has begun [4] - [8] .
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Axial magnetic field (AMF) developed in the 1970s is the most widely used magnetic field control arc technology in the current contact structure [9] , [10] . The purpose is to make the arc distribute uniformly in the surface of the contact through the action of magnetic field, prevent the arc concentration, minimize the energy input into the arc gap, shorten the arc burning time, and reduce the ablation of the contact [11] , [12] . Since the AMF was used to control the vacuum arc, the research on the characteristics of the vacuum arc has been deepened, advancing the development of the vacuum switch.
The research method for AMF of vacuum arc mainly includes the MHD simulation and the vacuum arc experiment with external magnetic field [13] , [14] . The application of magnetic field is realized by external coil, permanent magnet and designing contact with AMF structure [15] . As DC current is in the external coil, contact diameter and opening gap have no influence on the AMF intensity and distribution, and the AMF is approximately distributed inside the contact gap. However if AC current is in the external coil, the AMF in the gap of contacts is related to the frequency and amplitude of current. In Ref. [16] , the external coil was used to investigate the arc time and the movement rule of the arc root in the contact surface in different magnetic field intensities. In Ref. [17] , a variable AMF was generated by external coils, and the arc shape, cathode spot and anode melting phenomenon in different of B/I were studied. However, when the AMF is generated by the AC current flowing through the external coil in above experimental conditions, the magnetic field is not synchronous with the current in main circuit, which is different from actual working conditions.
For the contact with AMF structure, it is necessary to find the optimal magnetic field to prevent anode phenomenon [18] , [19] . Once the structure of the contact is fixed, the value of B/I is also determined. At the same current, the magnetic field intensity will be the same. As a result, it is difficult to analyze the influence of AMF on vacuum arc, which is not convenient in both the experimental research and contact design.
In this paper, an external magnetic field system is designed, which can produce an external AMF, of which the magnetic induction intensity of the magnetic field is adjustable, and the phase and frequency are synchronous with the IF current in the main circuit.
II. STRUCTURE OF EXTERNAL EXCITATION SYSTEM
The IF vacuum arc experimental system is shown in FIGURE 1 . The oscillating circuit, including the capacitor C, inductance L, bidirectional triode thyristor VT, vacuum interrupter VI, and resistor R d , is utilized to generate the IF current and vacuum arc. In the dotted box is the external excitation of AMF. The coils W 1 and W 2 with equal turns constitute the Helmholtz coils, establishing the AMF, which are set parallel to the outer wall of the VI. Current transformers (CTs) provide input current which is synchronous with the current in the main circuit for Helmholtz coil. The magnetic induction intensity B can be adjusted by changing the numbers of CTs, thus the effect of the excitation system can be measured by the ratio of magnetic induction intensity to current (B/I ).
The external excitation must meet the following requirements:
(1) The external AMF should be adjusted and for each CT, the value of B/I is designed as 4 mT/kA. (2) According to the national standard (in China) of grade 0.2 current transformer, the phase difference between the primary side current and the secondary side current should be less than 10'. (3) Core saturation will increase the current measurement error. Therefore, it is necessary to ensure the core unsaturation when the circuit current reaches the maximum peak value.
III. MODELING AND DESIGN A. HELMHOLTZ COIL
For the convenience of analysis, the parameters are explained as follows.
Helmholtz coil consists of two coils in series, as shown in FIGURE 2. The number of turns of a single coil is N , and the wire radius is r 1 . The average radius of the coil is R, which is also the center distance between the two coils. The inductance of Helmholtz coil is L H . The excitation current is I 0 , and the corresponding primary current in main circuit is I . Among which, N and R are the parameters to be designed.
According to Biot-Savart's law, the magnetic induction intensity B(x P ) of any point P in the axis is:
When P is at the middle of the axis, x P = R/2, then:
where, k = I /I 0 is the current conversion ratio of CT and the average radius R is determined according to the size of VI. The inductance of Helmholtz approximates to,
When designing power frequency transformer, current density is generally selected as 5-10 A/mm 2 . Due to the short period of IF current, the arc time in the experiment is milliseconds. For example, the period of 400 Hz current is 2.5 ms.
Then the current density J can be appropriately increased.
With the experimental verification, the bifilar winding radius of 0.25 mm wire in a short period of time (less than 10 ms) can withstand the current density of 120 A/mm 2 . The electromagnetic coupling process between the primary and secondary sides of the CT can be represented by the equations (4)- (7) . R H and X H are the impedance of the load coil calculated to the secondary side. And for the convenience of analysis, make the following simplification. The primary resistance R 1 and the leakage inductance X 1 and X 2 are neglected.
The excitation reactance is:
The inductance of the converted load coil is:
And we have:
Since the relative permeability of the core µ r is very large, for example, µ r = 4000. We have:
It can be said that all the current flows through the load. And the magnetic induction intensity of the core is:
According to equation (8), when the current is 20 kA which is nearly the maximum value in arc experiment, the B Fe is about 1.47 T. The core is unsaturated when we use cold rolled silicon steel sheet with thickness of 0.27 mm.
In the above calculation process, the resistance of the wire is ignored, and only inductances of the Helmholtz coil and CT are considered. However, when analyzing the phase difference between the primary current and the secondary current, the resistance of the wire should not be ignored, and should be taken into account in the equivalent circuit. There is the following phasor equation for current in FIGURE 3 :
The phase difference between the primary side and the secondary side is,
It is less than 10 . The value of main parameters are displayed in TABLE 1.
And the actual pictures of Helmholtz coil and current are shown in FIGURE 3. In order to prevent eddy current, nonconductive and non-magnetic epoxy materials are used as the skeleton of Helmholtz coil.
IV. RESULTS AND DISCUSSION

A. PHASE DIFFERENCE TEST
To test the phase difference between the primary side and the secondary side of the CTs, the oscillation circuit shown in FIGURE 1 is used. The current frequency can be adjusted from 360 Hz to 800 Hz by both C and L. Test results are shown in FIGURE 4. All the measured phase differences are less than 10 .
B. STEADY STATE TEST
In order to evaluate the steady performance of excitation system and compare the magnetic field errors caused by different excitation current, the Helmholtz coil is tested. FIGURE 5 shows the schematic diagram of steady state test.
The magnetic induction intensity at the center of the Helmholtz coil axis was measured by a tesla meter, as shown in TABLE 2 and FIGURE 6.
Where, the theoretical values of B are calculated due to equation (1). 
C. IF DYNAMIC TEST
A schematic diagram of IF dynamic test for measuring magnetic induction intensity is shown in FIGURE 7 . The magnetic induction intensity of the magnetic field can be adjusted by changing the number of CTs, and we applied 2 CTs in this paper. The test coil W T is located at the center of the Helmholtz coil. For W T , the turn is N T , the cross-sectional area is S T , and the induced voltage is U T .
Measured curves of the IF dynamic test is shown in FIGURE 8 . Where, U I is the voltage of the R d , which is synchronous with the circuit current I , and U T is the induced voltage of W T . As can be seen, there is a ''steep'' rise at the beginning of U I , indicating that the current rise rate di/dt is very large at the initial stage, which leads to drastic changes in the induced voltage U T of the coil. After the initial time, the current is approximately sinusoidal, and the induced voltage tends to be normal. Suppose the main circuit current is a sine function with exponential decay:
Then according to equation (1), the magnetic induction intensity B at the center of Helmholtz coil is:
The induced voltage of the test coil W T is:
And then B/I is:
The theory value, as well as actual value of B/I and error are listed in FIGURE 9 .
As can be seen from the test results, the actual value is basically consistent with the theory value. However there is an acceptable error, which is caused by the difference between the mathematical model and the real thing.
V. CONCLUSION
In order to the make the magnetic field synchronous with the actual current in the experiment condition, an external excitation of AMF used for IF vacuum arc experiment and research is designed in this paper. The relationship between magnetic induction intensity in Helmholtz coil and primary current is theoretically established. And the designing process for key parameters of the CTs and Helmholtz coil is introduced in detail.
According to theory and test result, the current in main circuit can be induced and energy can be transmitted by the CTs. The phase difference between the primary side and the secondary side of the CTs is less than 10 . Inside the Helmholtz coil, AMF is generated and the actual result of B/I is consistent with the theoretical value. The steady state error of B is within 1% and the dynamic error of B/I is within 1.5% as well. As the circuit current is up to maximum value, the core of CT is not saturated. The experimental curves verify the feasibility of the design method and the practicability of the IF AMF excitation system.
The interruption and characteristic of vacuum arc can be researched by adjusting the AMF. Furthermore the excitation system can also be used for the power frequency switch test as well as for IF switch, which is also the extended significance of the system. 
